Sound spectrographs based on digital computers are of interest because of the versatility they offer in generating and displaying sound spectrograms. A particular computer-based sound spectrograph is described in which digitized time waveforms stored on disk memory are spectrally analyzed and the resulting data stored back on disk for later display. Analyses are also performed to obtain the voicing fundamental frequency and the overall-intensity level of the signal which are displayed time registered with the spectrogram. While viewing the spectrographic display, the user is able to tailor the display before making hardcopy. This permits the user to specify a spectral threshold level, the dynamic range represented in the display, spectral contrast, and spectral emphasis.
INTRODUCTION
The sound spectrograph has been and continues to be a very significant tool for work in the acoustical aspects of speech. Sound spectrographs based on digital computers are of interest because computers are being widely used for speech processing and small computers capable of sophisticated analyses of speech form the basis of many modern speech research facilities. t,•. In many instances, it is desirable to be able to generate sound spectrograms on line because of the inconvenience of doing it off line or because a sound spectrograph is not available. Computer-controlled generation and display of spectrograms offers versatility and flexibility, and furthermore, other information, such as voicing fundamental frequency and overall intensity, can be time registered with the spectrogram and included as part of the hard copy.
A particular computer-based sound spectrograph is described in which digitized time waveforms stored on disk memory are spectrally analyzed and the resulting data stored back on disk for later display. Analyses are also performed to obtain the voicing fundamental frequency and the overall-intensity level of the signal which are also stored. While viewing the spectrographic display produced from the stored data, and before making hard copy, the user is able to tailor the display by specifying spectral emphasis, spectral threshold level, spectral contrast, and the effective dynamic range represented in the display. When the calculations are complete and the data stored, it is possible for the user to tailor the spectrographic display by specifying certain display parameters, viewing the results, and then modifying the parameters until the display is optimized as desired. This is all accomplished without recomputing the spectra. The display can be run in single-sweep mode for photographing or in continuous-sweep mode for studying. The user can, at this point, continually modify the display parameters or can return to the edit mode and select a new speech sample. Separate calculations must be run for narrow-and wide-band spectrograms.
B. Computer system
In addition to the basic computer, the peripheral equipment necessary to realize a computer-based spectrograph system are an analog-to-digital converter, a mass storage device, and a graphic display unit. The analog-to-digital converter should be capable of operating at rates of at least 10000 12-bit samples per second. 
C. Supplementary data and time registration
In addition to information in a sound spectrogram, spectral sections and data on voicing fundamental frequency and overall-intensity level are often important. Furthermore, it is desirable that all of the parameters be time registered so that they can be studied relative to one another. Because the data base is digitized and time registered on the disk, it is possible to calculate all parameters time synchronously. Spectral sections are calculated via a separate spectral analysis program operating on the same data base for any time position in the spectrogram.
The signal intensity level is calculated at 5 msec intervals by windowing the signal in a 256-point Hamming window and calculating the log of the mean-square signal.
The voicing fundamental frequency is calculated at 5-msec intervals using a method described by Gold and Rabiner. 4 To avoid displaying a frequency for lowlevel background noise, the system user can specify a sound intensity level (in decibels) below which display of the fundamental-frequency contour is inhibited. This is the parameter labeled FCO for "fundamental cutoff'' on the photographs which follow. Display of the fundamental frequency is also inhibited when the sound is judged to be unvoiced. Of the seven nonzero display intensities available on the graphics unit used in this research, only four could be successfully distinguished on film. If the lowest intensity was made visible, then the four highest saturated the film, and all appeared equally bright. If the f stop of the camera was changed to make the upper intensities distinguishable, then the three lowest could not be seen.
D. Time and frequency resolution in the analysis
Another scheme for controlling apparent brightness was tried in which each apparent point was represented by a matrix of eight display points. Apparent brightness was controlled by turning on from 1 to 8 points in the matrix, each at a fixed intensity. It was determined experimentally that there were seven distinguishable brightness levels with this scheme. A good rule of thumb seemed to be that the number of matrix points turned on had to increase by at least one-third in order for a new distinguishable level to be produced. This led toa selection of 0, 1, 2, 3, 4, 6, or 8 matrix points turned on to produce the seven brightness levels.
An annoying problem resulting from this approach was the apparent graininess in the pictures. The spatial resolution of the CRT and camera and film combination was good enough so that the 8-point matrix did not appear as a single point with variable gray level, but the internal structure of the matrix was apparent to some extent.
The scheme finally adopted uses as 8-point matrix with all points turned on at the same intensity. Seven different nonzero brightness levels are produced by using four differ.ent display intensity settings either singly or in combination as in Table I • This is controlled by the parameter labeled STP (for step size) on the spectrograms that follow. As an example, if 5 dB per brightness level is the specification, then levels up to 4 dB above threshold will be assigned brightness zero, levels from 5 to 9 dB above threshold will be assigned brightness one, and so on. This feature does not increase the dynamic range of the display medium, but rather serves to incorporate a greater or lesser dynamic. range of the acoustical signal within the available dynamic range of the display medi- um much as is done with contour plots in modern a•alog spectrographs.
In order to make the best use of the dynamic range available, a sound-intensity-level threshold specification is provided. This threshold defines the level relative to which the dynamic range begins and permits elimination of background noise without sacrificing part of the dynamic range of the display. This parameter is labeled THR (for threshold) in the spectrograms that follow.
A feature which provides a higher-contrast is the option to inhibit some of the lower brightness levels of the display. This makes certain features stand out more strongly at the expense of giving up some of the subtle details. This is controlled by the parameter SKP (for number of lower brightness levels to skip) shown on the spectrograms.
The spectral shaping method adopted is specified in terms of a starting frequency (in units of 100 Hz) and a high-frequency emphasis (in units of decibels per octave). In all cases, the spectrum is calculated from a waveform without pre-emphasis and the spectral shaping takes place only at the time of display. This shaping is controlled by the parameter SEF (spectral emphasis frequency) and SEA (spectral emphasis amount) as listed on the photographs.
II. RESULTS AND DISCUSSION -

A. Details of spectrograph display
By means of computer console switch control, a test pattern is displayed on the CRT so that the lens opening of the camera can be adjusted to make the full dynamic range of the display available. The test pattern shown in 
III. CONCLUSIONS
The sound spectrograph system described above computes and displays sound spectrograms in times that are roughly comparable to those required with analog equipment. In addition, it provides voicing-fundamentalfrequency and overall-intensity level plots that are time registered with the spectrogram. computed for any given portion of the signal with a separate program. The variable effective dynamic range of the system is adequate to capture much of the high-frequency information in the spectra even when no spectral emphasis is used. However, spectral shaping brings out additional detail and is very useful in practice. Probably the prime virtue of the system, other than its variable effective dynamic range, is the capability it gives a user to tailor a spectrogram before making a hard copy. This tailoring permits specification of a spectral threshold, the effective dynamic range, a contrast effect, and the extent of spectral shaping.
The system is of interest because of the wide use of computers in speech processing and because of the flexibility they offer in computing and displaying speech parameters.
The system can be easily implemented on computer-based speech processing systems with the requisite hardware. The primary software requirement is a FFT to provide reasonable efficiency in the spectral computations. The 5-kHz analysis range can be modified to provide greater flexibility.
